Introduction
Assassin bugs in the genus Arilus (Heteroptera: Reduviidae: Harpactorinae) are called "wheel bugs" because of the toothed median ridge on the pronotum (Fig. 1a) ; they are among the largest of the New World reduviids, and are usually rarely encountered (Mead, 2008) . Barth (1961) studied the exocrine glands of A. carinatus (Forster) from Brazil; however, this manuscript (in Portuguese) has been largely overlooked. Barth (1961) determined that only females have eversible subrectal glands (SGs) (Fig. 1b) (Weirauch, 2006a) and that the pungent odor sometimes detected when A. carinatus females are captured comes from Brindley's glands not from the SGs. [The metathoracic scent glands characteristic of most Heteroptera (Aldrich, 1988) , are absent in Harpactorinae (Weirauch, 2006b) , whereas Brindley's glands occur laterally below the fi rst abdominal tergite in harpactorines and most other reduviid subfamilies (Staddon, 1979) .] Contrary to the fi ndings of Barth (1961) , Mead (2008) reported that "…when captured, [A. cristatus (L.)] extrude (with little provocation) a pair of bright, orange-red scent sacs near the apex of the venter [that] give off a pungent scent." Garman (1916) realized much earlier that the osmeteria-like SGs of A. cristatus are only present in females, and that they are not always everted when females are disturbed, but he incorrectly (as we will show) assumed that the "pungent scent" emanated from the SGs.
Chemical data presented here demonstrates that Brindley's gland secretions are qualitatively alike for North (A. cristatus) and South (A. carinatus) American wheel bugs, whereas the SG secretions are highly species-specifi c. The volatile SG components are herein reported for A. carinatus and A. cristatus for the fi rst time.
Methods and Materials

Insects and gland extracts
Single female A. carinatus and A. cristatus were collected in Brazil and the USA, respectively, and frozen prior to dissection (Table I) Wheel bugs (Heteroptera: Reduviidae: Harpactorinae: Arilus) are general predators, the females of which have reddish-orange subrectal glands (SGs) that are eversible like the osmeteria in some caterpillars. The rancid odor of Arilus and other reduviids actually comes from Brindley's glands, which in the North (A. cristatus) and South (A. carinatus) American wheel bugs studied emit similar blends of 2-methylpropanoic, butanoic, 3-methylbutanoic, and 2-methylbutanoic acids. The Arilus SG secretions studied here are absolutely speciesspecifi c. The volatile SG components of A. carinatus
-decadienal, and 4-oxo-(E)-2-nonenal; whereas in A. cristatus the SG secretion contains β-pinene, limonene, terpinolene, terpinen-4-ol, thymol methyl ether, α-terpineol, bornyl acetate, methyl eugenol, β-caryophyllene, caryophyllene oxide, and farnesol. Arilus spp. SG secretions may be sex pheromones, but verifi cation of this hypothesis requires further testing.
Key words: Arilus, Halyomorpha, Pheromone the insects were wrapped with Parafi lm leaving the posterior end of the abdomen exposed, the abdominal sternum was compressed causing the SGs to evert (Fig. 1b) , and each gland was cut off at its base into 20 μl of redistilled n-hexane in a Waters Alliance Total Recovery Vial ® (deactivated, 12 mm x 32 mm; Waters, Taunton, MA, USA). Samples of the paired Brindley's glands were dissected from the bugs under tap water, and extracted in 50 μl of n-hexane.
Gas chromatography-mass spectrometry (GC-MS)
Samples were analyzed (70 eV) using HewlettPackard 6890 gas chromatographs coupled to HP 5973 mass spectrometers (Hewlett-Packard Company, Wilmington, DE, USA), one with an HP-5MS column (Agilent Technologies, Santa Clara, CA, USA; 30 m x 0.25 mm ID, 0.25 μm fi lm thickness, 50 °C for 2 min, to 280 °C at 15 °C/ min, hold for 10 min), and the other with a DBWAXetr column (J & W Scientifi c, Folsom, CA, USA; 60 m x 0.25 mm ID, 0.25 μm fi lm thickness, 50 °C for 2 min, to 230 °C at 15 °C/min, hold for 10 min). The major acids present in Brindley's gland extracts were unresolved on the above columns, but were resolved using an HP 5890 gas chromatograph with a DB-1701 column (J & W Scientifi c; 30 m x 0.25 mm ID, 0.25 μm fi lm thickness, 40 °C for 2 min, to 200 °C at 5 °C/min, hold for 10 min). Analyses were done in the splitless mode.
Chemical standards
2-Methylpropanoic acid, butanoic acid, 3-methylbutanoic acid, 2-methylbutanoic acid, octanoic acid, (E,E)-2,4-octadienal, (E,E)-2,4-nonadienal, (E,E)-2,4-decadienal, β-pinene, limonene, terpinolene, terpinen-4-ol, α-terpineol, methyl eugenol, β-caryophyllene, caryophyllene oxide, thymol, and farnesol were from Aldrich Chemical (Milwaukee, WI, USA); bornyl acetate, hexanoic acid, (E)-2-octenal, (E)-2-nonenal, (E)-2-decenal, and (E)-2-undecenal were from Bedoukian Research, Inc. (Danbury, CT, USA). 4-Oxo-(E)-2-nonenal was prepared according to Moreira and Millar (2005) , and 4-oxo-nonanal was obtained by hydrogenation of oxo-nonenal. Thymol methyl ether was synthesized from thymol following standard procedures, treating thymol with methyl iodide in alkaline solution.
Results
The A. carinatus female collected in Brazil did not evert its subrectal glands (SGs), yet there was a distinct rancid odor from the bug (J. R. A., personal observation). During past collections of A. cristatus, the SGs were sometimes, but not always, everted (J. R. A., personal observation).
The rancid odor of the Arilus spp. is from Brindley's glands whose secretions in A. carinatus and A. cristatus are similar blends of 2-methylpropanoic, butanoic, 3-methylbutanoic, and 2-methylbutanoic acids (Table I) and A. cristatus are absolutely species-specifi c (Table I). The predominant A. carinatus SG volatiles are (E)-2-octenal, (E)-2-nonenal, (E)-2-decenal, (E,E)-2,4-nonadienal, (E)-2-undecenal, hexanoic acid, 4-oxo-nonanal, (E,E)-2,4-decadienal (and an unidentifi ed isomer), and 4-oxo-(E)-2-nonenal. The A. cristatus SG secretion has a pine-like odor (J. R. A., personal observation) whose composition includes monoterpenoids (β-pinene, limonene, terpinolene, terpinen-4-ol, α-terpineol, thymol methyl ether, and bornyl acetate), sesqui terpenoids (β-caryophyllene, caryophyllene oxide, and farnesol), plus the phenylpropene methyl eugenol.
Discussion
Adult Arilus females have eversible SGs, like the osmeteria of various caterpillars (Chow and Tsai, 1989) , but their secretions are not responsible for the rancid odor emitted when the insects are molested. English literature on A. cristatus incorrectly attributes this odor to their SGs. Actually, the rancid odor is due to simultaneous emission of Brindley's gland secretion, which in the North (A. cristatus) and South (A. carinatus) American wheel bugs studied are similar blends of 2-methylpropanoic, butanoic, 3-methylbutanoic, and 2-methylbutanoic acids. Brindley's glands are thought to be defensive (Staddon, 1979) . Releasing Brindley's gland acids may be repulsive to predators, as well as serve to advertise the danger of attacking insects with such a fi erce bite (Smith et al., 1958) . In addition, Arilus adults audibly stridulate when disturbed (Mead, 2008) .
Since Arilus SGs are female-specifi c, they may be associated with oviposition and/or sex. To our knowledge, there are no observations of these glands being everted in the context of egg laying or guarding. By the same token, we know of no reports of these glands being observed in sexual contexts. The high species specifi city of SG secretions in A. carinatus and A. cristatus is consistent with a sex pheromonal role. Many reduviid adults possess active dorsal abdominal exocrine glands (DAGs) (Weirauch, 2006c) , and in at least one harpactorine species males produce an attractant pheromone from sexually dimorphic DAGs (James et al., 1994) . However, while adult Arilus spp. possess DAGs, they are apparently not enlarged or sexually dimorphic (Weirauch, 2006c) . Zelus luridus, a species quite closely aligned to Arilus (Christiane Weirauch, personal communication), possesses non-eversible SGs plus glandular exocrine cells associated with the genital segments of females (Weirauch, 2006a) , and there is strong circumstantial evidence that Zelus females produce attractant sex pheromones (Edde and Phillips, 2006) .
Perhaps the most enticing observation that the SGs of wheel bugs may be the source of sex pheromones comes from Metzger's (1928) discovery 85 years ago that A. cristatus adults (sex not determined) were attracted to turpentine oil, which is chemically (Sadeghi et al., 2013) like the SG secretion reported herein for this predator. Moreover, Todd's (1937) fi eld observations showed that the sex ratio in A. cristatus was skewed toward females; thus, these widely dispersed predators may have experienced added selection pressure to evolve sex pheromones. Further research is needed to determine whether or not Arilus SG secretions constitute sex pheromones. Clarifying the function of Arilus SG secretions is all the more timely now since the North American wheel bug, A. cristatus, is one of the few predators attacking the invasive brown marmorated stink bug, Halyomorpha halys (Pentatomidae) in the USA (Fig. 1a) (Aldrich et al., 2009; J. R. A., unpublished data; Paula Shrewsbury, personal communication;  http://www.stopbmsb.org).
